Voltage-dependent conductances not only drive action potentials but also help regulate neuronal resting potential. We found differential regulation of resting potential in the proximal axon of layer 5 pyramidal neurons compared to the soma. Axonal resting potential was more negative than the soma, reflecting differential control by multiple voltage-dependent channels, including sodium channels, Cav3 channels, Kv7 channels, and HCN channels. Kv7 current is highly localized to the axon and HCN current to the soma and dendrite. Because of impedance asymmetry between the soma and axon, axonal Kv7 current has little effect on somatic resting potential, while somatodendritic HCN current strongly influences the proximal axon. In fact, depolarizing somatodendritic HCN current is critical for resting activation of all the other voltage-dependent conductances, including Kv7 in the axon. These experiments reveal complex interactions among voltagedependent conductances to control region-specific resting potential, with somatodendritic HCN channels playing a critical enabling role.
INTRODUCTION
The excitability of neurons is controlled by dozens of voltagedependent ion channels, each of which is regulated by membrane voltage and also helps regulate membrane voltage to control other channels. The result is a highly complex system whose behavior depends on the exact voltage dependence and kinetics of each channel type as well as their density and distribution (Goldman et al., 2001; Marder and Goaillard, 2006; Taylor et al., 2009; Amarillo et al., 2014) .
The activation of voltage-dependent channels to control neuronal excitability occurs on the background of the resting potential. The system of conductances controlling the resting potential of neurons is surprisingly complex (Amarillo et al., 2014) . According to the simplified textbook view, the resting potential of neurons is controlled by potassium-selective channels and is near the potassium equilibrium potential. In fact, however, the resting potential of neurons is typically in the range from -85 to -65 mV, well depolarized to the potassium equilibrium potential, which is near À100 mV for typical mammalian potassium concentrations at 37 C. Moreover, although the channels regulating resting potential are less well studied than those active during action potentials, it is clear that resting potential can be influenced by steady-state currents through partially activated voltage-dependent channels. A depolarizing influence on resting potential can be conferred from partial steady-state activation of HCN (hyperpolarization-activated cyclic nucleotide-gated) channels (Maccaferri et al., 1993; Maccaferri and McBain, 1996; Doan and Kunze, 1999; Lupica et al., 2001; Aponte et al., 2006; Ko et al., 2016) , low-threshold T-type calcium current through Cav3 channels (Lee et al., 2003; Martinello et al., 2015; Dreyfus et al., 2010; Amarillo et al., 2014) , and ''persistent'' sodium current through TTX-sensitive sodium channels (Huang and Trussell, 2008; Amarillo et al., 2014) . Voltage-dependent potassium channels formed by Kv7/KCNQ subunits can also be partially activated at rest, providing a hyperpolarizing influence on resting potential (Oliver et al., 2003; Yue and Yaari, 2006; Wladyka and Kunze, 2006; Guan et al., 2011; Huang and Trussell, 2011; Battefeld et al., 2014; Du et al., 2014) . Typically, the steady-state current through voltage-dependent channels at the resting potential is only a tiny fraction of the current that can be evoked by voltage steps, but in many neurons only a few pA of steady current is enough to significantly modify the resting potential. The steep voltage dependence of the various channels, each both controlled by resting potential and helping control it, results in complex interactions among the different conductances regulating resting potential (Amarillo et al., 2014) .
The axon initial segment (AIS) is a specialized membrane region in the proximal axon of neurons where action potentials are initiated in many neurons, including cortical (Stuart et al., 1997; Palmer and Stuart, 2006; Shu et al., 2007; Kole et al., 2007 Hu et al., 2009b; Popovic et al., 2011; Baranauskas et al., 2013) and hippocampal (Colbert and Johnston, 1996; Meeks et al., 2005; Meeks and Mennerick, 2007; Royeck et al., 2008) pyramidal neurons, giving special interest to understanding the regulation of resting potential in this region. Making recordings from ''axon blebs'' formed by cut and re-sealed axons emerging from layer 5 pyramidal neurons (Shu et al., 2006; , we found that the resting potential of the proximal axon of layer 5 pyramidal neurons is more negative than the somatic resting potential and explored how the resting potential of each region is controlled by voltage-dependent conductances, including from TTX-sensitive sodium channels, HCN channels, T-type (Cav3) calcium channels, and Kv7 channels. The more negative resting potential of the axon results from differential location of channels, with Kv7 current (promoting hyperpolarization) much larger in axon than soma and HCN current (promoting depolarization) much larger in the soma. Dual recordings showed that the far larger conductance of the soma compared with the axon produces a pronounced asymmetry in their electrical interaction. Accordingly, depolarizing HCN current in the soma (and dendrites) strongly influences the resting potential of the axon, and depolarizing current from HCN channels was critical for activation of all the other voltage-dependent conductances in both soma and axon, including Kv7 in the axon. The results illustrate the complexity of regulation of resting potential and emphasize the specialized properties of the proximal axon in controlling excitability of pyramidal neurons.
RESULTS
Resting Potential Is More Negative in the Axon than the Soma We measured resting potential from dendrites, cell bodies, and terminal ''blebs'' formed by cut and re-sealed axons of layer 5 cortical pyramidal cells ( Figure 1A ). In simultaneous recordings from the soma and axon bleb made in 6 cells ( Figure 1B) , the resting membrane potential in the axon bleb (-80.1 ± 1.3 mV) was consistently more negative (by an average of 3.3 ± 0.3 mV) than in the cell body of the same cell (-76.9 ± 1.5 mV, n = 6, p = 1.7 3 10 À4 ). These dual measurements gave very similar results as larger population results in which resting potential was measured in 31 independent recordings from cell bodies, 6 recordings from dendrites, and 32 recordings from axon blebs ( Figure 1C ). In these population studies, the resting membrane potential in axon blebs (-80.0 ± 0.4 mV, n = 32) was more negative than that in the cell body (-76.6 ± 0.3 mV, n = 31, p = 4.9 3 10 À9 ), which was not significantly different from that measured in dendrites (-77.0 ± 0.2 mV, n = 6, p = 0.60, Figures 1C and 1D ).
Kv7 Channels Strongly Influence Axonal but Not Somatic Resting Potential
Kv7 channel subunits are present at high density at the axon initial segment of layer 5 pyramidal neurons (Cooper, 2011; Battefeld et al., 2014) and have non-negligible activation ($4%) at the resting potential (Battefeld et al., 2014) . To test how much the conductance from Kv7 channels influences resting potential in the axon versus the soma, we applied the Kv7 inhibitor XE-991. XE-991 (10-20 mM) produced substantial depolarization of the resting potential in recordings from axon blebs but had little effect on somatic resting potential ( Figure 2A ). Our initial experiments testing the effect of XE-991 were done by recording membrane potential while washing on the compound, as in Figure 2A. In collected results (Figures 2B and 2C) , these wash-on experiments showed consistent effects of XE-991 to depolarize the resting potential of axons, from -79.7 ± 0.5 mV in control to -75.4 ± 0.6 mV in XE-991 (p = 1.4 3 10 À5 , n = 5) but with little effect in recordings from the soma (-77.3 ± 0.7 mV in control; -76.7 ± 0.7 mV in XE-991, p = 0.12, n = 6). Reaching full effects of XE-991 required at least 30 min ( Figure 2A) . Because of the possibility that dialysis of the neuron might itself produce slow changes of resting potential over such long times, we also examined the effect of XE-991 by making unpaired recordings in which resting potential was measured immediately after breakthrough in multiple cells in control conditions and then (in different cells) after application of XE-991 for >30 min. Figure 2D shows the data from these unpaired recordings, made in the same set of slices as the wash-on experiments.
The unpaired recordings of resting potential measured immediately after breakthrough gave very similar results as the paired wash-on recordings, with a clear difference in axonal resting potential in the absence (-79.0 ± 0.4 mV, n = 19) or presence of XE-991 (-76.4 ± 0.5 mV, n = 10, p = 0.0003) but little difference in somatic resting potential in the absence (-76.0 ± 0.4 mV, (B) Resting membrane potential in simultaneous dual recordings from soma (black filled circles) and axon of the same neuron (red filled circles). Bars: mean ± SEM from these measurements (n = 6).
(C) Population measurements of resting potential in the dendrite (blue), soma (black), and axon (red).
(D) Mean ± SEM of resting potential measured in the dendrite (n = 6; mean of 20 ± 4 mm from soma), soma (n = 31), and axon (n = 32; mean of 91 ± 11 mm from soma). ***p % 0.001. n = 10) or presence (-75.9 ± 0.4 mV, n = 10, p = 0.87) of XE-991.
In the presence of XE-991, there was little difference between somatic resting potential (-75.9 ± 0.4 mV, n = 10) and axonal resting potential (-76.4 ± 0.5 mV, n = 10, p = 0.5). Thus, it appears that the more negative resting potential of the axon is largely due to the presence of Kv7 channels that are partially activated at rest (Battefeld et al., 2014) . We also tested the effect of retigabine, which enhances Kv7 current by shifting the voltage dependence in the hyperpolarizing direction (Tatulian et al., 2001) . In wash-on experiments, retigabine shifted the resting potential negative in recordings from axon blebs ( Figure 2B ) by an average of À2.8 ± 0.6 mV, from À78.9 ± 0.7 mV in control to -81.8 ± 1.0 mV (n = 5, p = 0.0095) in retigabine. A similar difference was seen comparing unpaired recordings (-79.0 ± 0.4 mV in control, n = 19 and -81.5 ± 1.3 mV in retigabine, n = 4, p = 0.018). However, there was no significant effect on the resting potential (C) Mean ± SEM of somatic and axonal resting potential before and after wash-on of the agents (soma: XE-991, n = 6; retigabine, n = 4; axon: XE-991, n = 5, mean of 136 ± 21 mm from soma; retigabine, n = 5, mean of 109 ± 28 mm from soma). (D) Mean ± SEM of resting potentials measured immediately after breakthrough in control (soma, n = 10; axon, n = 19, mean of 79 ± 16 mm from soma), in presence of 20 mM XE-991 (soma, n = 10; axon, n = 10, 108 ± 12 mm from soma), or in presence of 10 mM retigabine (soma, n = 5; axon, n = 4, 111 ± 16 mm from soma). Measurements in same series of slices used in (B) and (C). (E) Voltage-clamp measurements of Kv7 current in whole-cell recordings from soma (top) and axon (bottom). Currents were evoked by a 20 mV/s ramp from -95 to +5 mV before and after application of 20 mM XE-991. (F) Mean ± SEM of maximum outward current evoked by the 20 mV/s ramp in the soma and in axon blebs at various distances from the soma (from left to right, n = 6, 7, 5, 7). Shaded area represents XE-991-sensitive current. *p % 0.05; **p % 0.01; ***p % 0.001; NS, non-significant. measured in the cell body (-76.0 ± 0.4, n = 10 in control, -76.2 ± 1.1 mV, n = 5 in retigabine, p = 0.85; Figures 2C and  2D ). The effects of retigabine on axonal resting potential, like those of XE-991, are consistent with a selective localization of Kv7 channels in the axon relative to the cell body (Battefeld et al., 2014) . We directly measured current from Kv7 channels by making voltage-clamp measurements in recordings from cell bodies and axon blebs, using a slow (20 mV/s) voltage ramp command to approximate steady-state activation. We then applied XE-991 to identify the component of overall current from Kv7 channels. Although the total voltage-dependent outward current evoked by the slow ramp was much bigger in recordings from the soma, the XE-991-sensitive current in the soma was quite small. In contrast, in recordings from axon blebs, the total outward current was smaller, but the XE-991-sensitive current was much larger and was largest for recordings from the region corresponding to the AIS, 40-100 mm from the soma (Figures 2E and 2F) , as expected from the high density of Kv7 channels in the AIS (Battefeld et al., 2014) . Measured at À70 mV (to focus on current near the resting potential), XE-991-sensitive current was 1.0 ± 2.6 pA (n = 5) in recordings from the soma and 12.0 ± 6.3 pA (n = 7) in recordings from the axon.
Persistent Sodium Current
We next explored the influence of steady-state TTX-sensitive ''persistent'' sodium current. Figures 3A and 3B compare the properties of persistent sodium current in typical recordings from the soma ( Figure 3A ) and axon ( Figure 3B ). In somatic recordings, persistent sodium current defined by a slow (20 mV/s) ramp reached a maximum of -485.3 ± 43.2 pA at À40.2 ± 1.2 mV (n = 4). In recordings from the axon, persistent sodium current was smaller but activated at more negative voltages. In axonal recordings, there was almost always firing of uncontrolled action potentials when ramp voltages reached voltages depolarized to -50 mV, so that maximum persistent current could not be accurately quantified. Persistent sodium current measured at -55 mV was smaller in axonal recordings (-64.7 ± 10.0 pA, n = 8, mean 111 ± 17 mm from soma) than in somatic recordings (-113.2 ± 20.9 pA, n = 4). However, persistent sodium current at -70 mV was somewhat larger in axonal recordings (-11.8 ± 2.0 pA, n = 8) than in somatic recordings (-6.1 ± 2.5 pA, n = 4). Thus, the persistent sodium activates at more negative voltages in the axon than in the soma.
Consistent with a contribution of steady-state TTX-sensitive sodium current to the resting potential in the axon, the axonal resting potential was more negative in the presence of TTX, changing from -80.0 ± 0.4 mV in control (n = 32) to -81.6 ± 0.8 mV in TTX (n = 13, p = 0.045). The resting potential in the soma was also more negative in the presence of TTX but the difference did not reach statistical significance (-76.6 ± 0.3 mV in control [n = 31], -78.0 ± 0.6 mV in TTX [n = 8, p = 0.057, Figure 3C ]). Figure 4 shows the effect of steady-state T-type (Cav3-mediated) calcium current on resting potential. In voltage-clamp recordings using slow ramps to define steady-state current, application of the Cav3 blocker TTA-A2 (Uebele et al., 2009 ) resulted in an outward shift of total current, consistent with inhibition of steady-state T-type calcium current. This component of current had a similar voltage dependence in somatic and axonal recordings, reaching a maximum near -30 mV. Maximum current was -170.4 ± 32.4 pA at -26.5 ± 3.7 mV in somatic recordings (n = 5) and -58.8 ± 24.9 pA at -32.4 ± 7.6 mV (n = 4) in axonal recordings. Half-maximal current was activated at -43.5 ± 5.5 mV in somatic recordings and at -46.2 ± 6.1 mV in axonal recordings. The negative voltage range of activation is consistent with the expected voltage dependence of T-type channels. At -70 mV, TTA-A2-sensitive current was -19.0 ± 5.0 pA (n = 5) in somatic recordings and -6.5 ± 2.5 pA (n = 4) in axonal recordings. Consistent with the Cav3 conductance influencing resting potential, the presence of TTA-A2 resulted in significant hyperpolarization of the resting potential both in somatic recordings (-76.6 
Cav3 Channels

HCN Channels
The most dramatic effects on resting potential were seen with inhibition of HCN channels. In voltage-clamp recordings, application of the HCN blocker ZD-7288 revealed a component of steady-state inward current carried by HCN channels over a wide voltage range ( Figures 5A and 5B). Steady-state HCN current evoked by slow ramps of voltage was present in both somatic and axonal recordings but was far larger in somatic recordings. At -75 mV, ZD-7288-sensitive current was -73.1 ± 5.4 pA in somatic recordings (n = 4) and -8.6 ± 3.4 pA in axonal recordings (n = 6, mean 117 ± 28 mm from soma). Consistent with sizeable HCN current over the range of resting potentials, resting potentials in both soma and axon were more negative in the presence of ZD-7228. Strikingly, after inhibition of HCN channels, there was no longer a difference in the resting potentials of soma and axon. Somatic resting potential was -76.6 ± 0.3 mV in control (n = 31) and -87.9 ± 0.6 mV in ZD-7288 (n = 13, p = 1.5 3 10
À21
). Axonal resting potential was -80.0 ± 0.4 mV in control (n = 32) and -87.9 ± 0.5 mV in ZD-7288 (n = 11, p = 6.7 3 10 À14 ).
Voltage-and Location-Dependent Interactions among Conductances
We next tested the effect of inhibiting all four voltage-dependent conductances with simultaneous application of XE-991, TTX, TTA-A2, and ZD-7288. Under this condition, the resting potential was the same in the soma (-87.5 ± 0.6 mV, n = 11) and axon(-88.0 ± 0.5 mV, n = 19) and not significantly different from the negative voltage reached with ZD-7288 alone (p = 0.64 and 0.86). Our interpretation of this result is that at the negative resting potentials occurring when HCN channels are blocked, there is no longer significant activation of Kv7, persistent sodium current, or T-type calcium current, consistent with all of these conductances requiring depolarization to be activated. Apparently, inhibiting HCN channels alone produces enough hyperpolarization that activation of the other channels is almost completely prevented.
To test the idea that the depolarizing effect of HCN conductance is important for controlling the activation of the other voltage-dependent conductances, we tested the effect of simultaneously inhibiting Kv7, persistent sodium current, and T-type calcium current, but not HCN channels. This resulted in a substantial hyperpolarization of both somatic resting potential (from -76.6 ± 0.3 mV in control [n = 31], to -85.7 ± 0.2 mV in the three blockers [n = 5, p = 4.0 3 10 À13 ]) and axonal resting potential (from -80.0 ± 0.4 mV in control [n = 32] to -86.0 ± 0.2 mV in the three blockers [n = 5, p = 5.3 3 10 À7 ]). Thus, the dominant effect of these three conductances is from the depolarizing influence of persistent sodium current and T-type calcium current rather than the hyperpolarizing influence of Kv7 channels. However, the resting potentials of both soma and axon in the presence of the three blockers was significantly depolarized to that in the additional presence of ZD-7288 or in the presence of ZD-7288 alone. It was striking that inhibition of HCN channels produced strong hyperpolarization of both somatic and axonal resting potential, even though HCN current was far larger in voltage-clamp recordings from the soma than from the axon. One possibility is that depolarizing HCN current originates mainly in the soma but flows from the soma into the axon to influence the axonal resting potential. To test this, we examined the resting potential in axon blebs that were isolated from the cell body by cutting the stem of the axon using a sharp electrode. Strikingly, the resting potential in such isolated blebs of axon membrane was very negative, -87.5 ± 1.6 mV (n = 14), much more negative than the resting potential in attached blebs (-80.0 ± 0.4 mV, n = 32, p = 1.2 3 10 À7 ). Thus, there is apparently a substantial depolarizing current flowing from the soma to the axon. The negative voltage in the isolated blebs in the absence of any blockers (-87.5 ± 1.6 mV, n = 14) was similar to that of axon-intact blebs after application of ZD-7288 (-87.9 ± 0.5, n = 11, p = 0.84), and the resting potential of the isolated blebs was no longer affected by application of ZD-7288 (-87.7 ± 1.1, n = 6, p = 0.94, Figures 5D and 5E ). The lack of effect of ZD-7288 on resting potential of the isolated blebs suggests that there is no significant HCN current in the axon membrane itself, consistent with previous cell-attached patch recordings in layer 5 pyramidal neurons showing strong expression of HCN channels in the dendrite and soma but not the axon (Williams and Stuart, 2000; Berger et al., 2001; Kole et al., 2006) . Figure 6 summarizes the collective data for the influence on resting potential of inhibiting the various voltage-dependent conductances singly or in combination. Inhibiting Kv7, persistent sodium current, T-type calcium channels, and HCN channels each modifies resting potential significantly. Inhibiting HCN channels has the largest effect, resulting in the same negative resting potential in both soma and axon. Under control conditions, the resting potential of the axon is significantly hyperpolarized relative to the soma, and this difference persists with single block of persistent sodium current or T-type calcium channels but is lost on block of Kv7 channels (accompanied by depolarization) and also lost on block of HCN channels (accompanied by strong hyperpolarization).
Asymmetric Coupling of Voltage from Soma to Axon
The difference in axonal versus somatic resting potential implies that at rest there is a steady flow of current along the axon stem. To explore the effect of current flow between compartments, we made dual recordings from soma and axon and injected current into either soma or axon. These experiments showed a marked asymmetry in coupling of voltage changes between the compartments depending on the direction of current flow. Figure 7A shows an example. Injecting 50 pA hyperpolarizing current into the soma produced a steady-state hyperpolarization of 5.5 mV, corresponding to an input resistance of 110 MOhm. In the axon bleb 180 mm away from the soma, the steady-state voltage change was 4.0 mV. We calculated a ''transmission ratio'' of the voltage change at the point more distant from the point of current injection relative to that at the point of current injection; in this case, the transmission ratio from soma to axon was 0.73. In the same recording, injection of the same current pulse of -50 pA into the axon produced a much larger voltage change at the point of current injection, 15.8 mV, corresponding to a larger input resistance (316 MOhm) at this point. The voltage change measured in the soma in response to the current injection was 3.5 mV. Thus, the transmission ratio from axon to soma was 0.22, substantially less than from the soma to axon.
In repeating this experiment with axon blebs at various distances from the soma, two features were apparent. First, the input resistance (measured from the voltage change at the point of current injection) was lowest at the soma (85.2 ± 3.6 MOhm, n = 23) and became progressively larger at longer distances from the soma, reaching $400 MOhm at 250 mm. Second, there was an asymmetry in the transmission ratio, which was always substantially higher from soma to axon than from axon to soma. The asymmetry was more pronounced at longer distances from axon to soma ( Figure 7C ).
These results help explain the asymmetry seen in control of resting potential by conductances localized in the soma versus the axon. Kv7 current is localized in the axon initial segment, and inhibiting Kv7 channels had substantial depolarizing effects in the axon but little effect on somatic resting potential. In contrast, HCN current was largest in somatic recordings, and inhibiting HCN current resulted in strong hyperpolarization of the axon as well as the soma.
Model of Voltage-and Location-Dependent Interactions of Conductances
To further understand how voltage-dependent conductances localized in the axon and soma interact to regulate membrane potential, we constructed a compartmental model using Neuron. The compartmental organization of the model was based on previous models of layer 5 pyramidal neurons (Battefeld et al., 2014; Hamada and Kole, 2015; Hamada et al., 2016) and included the apical dendrite, soma, axon hillock, AIS, and unmyelinated axon segment (of variable length), with an axon bleb connected to the end of the axon. Conductances corresponding to steady-state currents through Kv7, Cav3, HCN, and sodium channels were modeled with voltage dependences and distribution set to match experimental observations ( Figure 8A ). We tested the asymmetric coupling between soma and axon by injecting 1 pA current into the soma or axon bleb and measuring the effect on voltage in both compartments. Similar to the experimental observations, the input resistance was lowest at the soma (69 MOhm) and became progressively larger in the axon at increasing distances from the soma ( Figure 8B ). There was a pronounced asymmetry in the transmission ratio, which was higher from soma to axon than from axon to soma ( Figure 8C ). Also similar to the experimental observations, the resting membrane potential was more negative in the axon than in the soma. Furthermore, the effect of removing single or multiple voltagedependent conductances produced changes on somatic and axonal resting membrane potential that were consistent with the experiment observations of inhibiting conductances singly or in combination using channel blockers ( Figure 8D ). These predictions were very similar whether made using a model of the physiological situation of a neuron with intact axon or a model of the experimental situation in which recordings were made from a terminated axon bleb ( Figure 8D ), suggesting that the formation of a bleb in the experimental situation does not significantly distort the results.
DISCUSSION
The proximal axon of cortical pyramidal neurons has highly specialized properties (Buffington and Rasband, 2011; Debanne et al., 2011; Kole and Stuart, 2012; Yoshimura and Rasband, 2014) , including high densities of both voltage-dependent sodium channels (Astman et al., 2006; Hu et al., 2009b ) and Kv7.2/Kv7.3 channels (Pan et al., 2006; Cooper, 2011; Battefeld et al., 2014) . Our results show that the proximal axon also has a different resting potential than the soma, being on average about 3.5 mV more negative. In addition, the resting potentials of both soma and proximal axon are controlled in a surprisingly complex manner by interactions among multiple voltage-dependent conductances with differential subcellular distribution, influencing one another by changes in membrane potential. With all of the voltage-dependent conductances blocked, both axonal and somatic resting potentials were at -88 mV, $10 mV hyperpolarized to the natural resting potential. Interestingly, inhibiting HCN channels alone resulted in virtually the same negative resting potential in both soma and axon as inhibiting all four voltage-dependent conductances. Thus, the abilities of T-type calcium channels, voltage-dependent sodium channels, and Kv7 channels to influence resting membrane potential all depend on the depolarization produced by HCN channels.
Our voltage-clamp experiments used slow ramps to define various currents flowing near the resting potential. In recording in the whole-cell configuration, currents recorded in the soma likely include some contribution from the axon and vice versa. Despite the imperfect separation, differential localization was clear for Kv7 current, which was 12-fold larger in axonal versus somatic recordings, and for HCN current, which was 8-fold bigger in somatic versus axonal recordings. These results fit well with previous data for strong localization of Kv7 channels to the AIS (Pan et al., 2006; Battefeld et al., 2014) and high density of HCN channels in the dendrites and soma (Williams and Stuart, 2000; Santoro et al., 2004; Day et al., 2005; Kole et al., 2006) . The degree of localization is less clear for Cav3 channels, where the currents were 3-fold bigger in somatic recordings than axonal recordings. Axonal Cav3 channels are present in other cell types (Bender and Trussell, 2009 ), but we cannot rule out that the currents recorded from the axon blebs in our experiments could represent mainly somatic channels.
A key feature of most voltage-dependent currents active at the resting potential, including HCN, Kv7, and persistent sodium current, is that they operate on the foot of their activation curves, where voltage dependence is steepest. This enables small changes in membrane potential to significantly change the currents, thereby facilitating the membrane potential-mediated interaction among the currents near the resting potential. For example, the activation of steady-state persistent sodium current (measured in isolated cells with accurate voltage control) is fit by a Boltzmann curve with a slope factor of 4.3 mV (Carter et al., 2012) , which results in a greater than 2-fold increase for a voltage change of 3 mV on the foot of the curve near the resting potential. Sodium channel inactivation is similarly steep. (C) The transmission ratio of voltage change measured in axon with current injected into soma (black) or measured in soma with current injected into axon (red). Transmission ratio was measured as voltage change relative to that at point of injection.
Key Role of HCN Channels
The partial activation of T-type calcium channels, persistent sodium current, and Kv7 current were all dependent on the depolarization conferred by resting HCN current. HCN channels are widely expressed in central neurons and strongly influence neuronal excitability through a variety of mechanisms (reviewed by Robinson and Siegelbaum, 2003; Shah, 2014) . Our results emphasize how resting current from HCN channels can regulate excitability by producing small changes in resting potential that in turn influences activation of other channels (George et al., 2009; Ko et al., 2016) . In pyramidal neurons, HCN current serves to dampen neuronal firing in response to synaptic input (Magee, 1998; Stuart and Spruston, 1998; Poolos et al., 2002; Gasselin et al., 2015) , an effect that is initially puzzling because HCN channels provide an inward, depolarizing current at subthreshold voltages. Indeed, HCN current in the soma and proximal apical dendrite can enhance excitability (Harnett et al., 2015) . However, the effect of HCN current to enhance excitability can be reduced by concurrent Kv7 channel activation caused by the depolarizing influence of resting HCN current (George et al., 2009 ). This effect is likely enhanced by the Kv7 localization in the AIS, because decreased input resistance at the AIS will be particularly effective in controlling spiking. Besides activating resting Kv7 conductance, depolarizing HCN current can also reduce excitability by increasing resting inactivation of sodium channels at the AIS (Ko et al., 2016) , which have a steep inactivation curve with a negative midpoint compared to somatic sodium channels (Colbert and Pan, 2002; Hu et al., 2009b; Battefeld et al., 2014) .
Localization of HCN channels
In our experiments, we found large HCN currents recorded in the whole-cell mode in the soma, with only small currents in the axonal recordings. Previous experiments have shown that the density of HCN channels increases steeply from the soma along the apical dendrites of layer 5 pyramidal neurons (Williams and Stuart, 2000; Berger et al., 2001; Lö rincz et al., 2002; Kole et al., 2006) . Therefore, the HCN conductance influencing axonal resting potential might include a major contribution of dendritic HCN channels. To test this possibility, we compared the effect on axonal resting potential of ZD-7288 applied only to the soma (by local application of 1 mM ZD-7288) or to the entire neuron (by bath perfusion of 100 mM ZD-7288; Figure S1 ). Somatic application of ZD-7288 produced a hyperpolarization of the axonal resting potential by À2.44 ± 0.20 mV (n = 5), while bath perfusion produced a much larger hyperpolarization of À8.14 ± 0.82 mV (n = 5). This observation suggests the HCN conductance influencing the resting potential of the axon is actually largely from dendritic compartments. The diagram in Figure 8E is therefore over-simplified in assigning HCN channels to the soma. Functionally, however, the influence of HCN channels on the somatic and axonal resting potential will be essentially the same whether the conductance is in the soma or mainly in the dendrite. Thus, the large density of dendritic HCN channels produces a steady depolarizing current that strongly depolarizes both the somatic resting potential (Williams and Stuart, 2000; Berger et al., 2001; Kole et al., 2006) and the axonal resting potential.
In the model in Figure 8 , there are no HCN channels in the axon. This assumes that the small HCN currents recorded from axon blebs reflect currents originating in the somatodendritic compartments (connected to the axon bleb by the axon) and is consistent with previous cell-attached patch recordings in layer 5 pyramidal neurons suggesting near-total lack of HCN channels in the axon itself (Williams and Stuart, 2000; Berger et al., 2001; Kole et al., 2006) . While it is impossible to completely rule out any small expression of HCN channels in the axon from these observations alone, the strongly hyperpolarized resting potential in isolated axon blebs with cut axon stems-and the lack of effect of ZD-7288 on the resting potential of the isolated blebs-shows that there is little or no depolarizing influence of axonal HCN channels and that axonal depolarization from HCN channels is transmitted by flow of depolarizing current from the soma to the axon.
Interestingly, in some other cell types, there is good evidence for expression of HCN channels in the axon itself. In auditory neurons of the medial superior olive, HCN channels are present in the axon initial segment, where augmentation of HCN current by serotonergic modulation reduces excitability (Ko et al., 2016) , likely reflecting depolarization of the resting potential that inactivates sodium channels (and could also activate steady-state Kv7 or Kv1 current to reduce input resistance at the site of spike initiation). In parvalbumin-positive GABAergic neurons in the hippocampus, persistent firing originating from distal axon regions depends on HCN channels, presumably present in the axon proper (Elgueta et al., 2015) . In these neurons and others, HCN current in distal regions of axons enhances axonal excitability (Aponte et al., 2006) and can act to limit hyperpolarization that follows bouts of firing, probably from electrogenic Na/K-ATPase pump current (Baker et al., 1987; Eng et al., 1990; Soleng et al., 2003; Bucher and Goaillard, 2011) . In layer 5 pyramidal neurons, our results showing lack of significant HCN current in the proximal axon obviously do not rule out the presence of HCN channels in the distal axon. It is clear that the proximal axon is a specialized region with a functional role-initiating action potentials with a frequency that encodes information-different from the distal axon, subserving effective propagation of the action potentials.
Asymmetric Coupling of Soma with AIS
There is a striking directional asymmetry in the electrical coupling of soma to proximal axon, with somatic depolarization or hyperpolarization much more effective in changing axonal voltage than in the reverse direction. This reflects the large impedance mismatch between the soma and axon. This asymmetry explains why somatodendritic HCN current strongly affects the resting potential of both soma and axon, while Kv7 channels, concentrated in the AIS, strongly regulate axonal but not somatic resting potential. The minimal attenuation of voltage changes from soma to proximal axon in layer 5 pyramidal neurons fits well with previous results (Kole et al., 2007) . In our results, the transmission ratio in the direction from axon to soma decreased rapidly with distance, falling to 37% at $100 mm from the soma, similar to the space constant of 149 mm seen by Battefeld et al. (2014) .
The electrotonic separation of the AIS from the soma is a key element for regulating neuronal excitability (Hamada and Kole, 2015; Gulledge and Bravo, 2016) and the location of the AIS is remarkably plastic, changing with activity in a homeostatic manner (Grubb and Burrone, 2010; Kuba et al., 2010 Kuba et al., , 2015 Grubb et al., 2011; Yamada and Kuba, 2016; Evans et al., 2015) and altered in some forms of epilepsy (Harty et al., 2013; Hinman et al., 2013) . A more proximal AIS decreases the attenuation of synaptic potentials from soma to AIS, but with a more distal location of the AIS, the input resistance at the AIS is increased (with less coupling to the somatodendritic compartment) and there is more isolation from the capacitative load of the somatodendritic compartment, thus enhancing local excitability at the AIS (Baranauskas et al., 2013; Kuba et al., 2006; Eyal et al., 2014) . In modeling, these opposing effects result in the lowest rheobase for injection of somatic current for a less-proximal AIS location in layer 5 pyramidal neurons (Gulledge and Bravo, 2016), which have large somatodendritic compartments and a large impedance asymmetry between soma and AIS.
Tuning of the AIS In addition to these purely geometric considerations, our results suggest that the difference in resting potential is another important element in how the AIS and soma interact to regulate excitability. In layer 5 cortical pyramidal neurons, the action potential initiates in the AIS (Stuart et al., 1997; Palmer and Stuart, 2006; Shu et al., 2007; Kole et al., 2007 Hu et al., 2009b; Popovic et al., 2011; Baranauskas et al., 2013) , at a point about 35-45 mm from the soma. The spike threshold is lower in the AIS than in the soma as a result of a high density of Nav1.6 channels in the AIS, which have a hyperpolarized voltage dependence of both activation and inactivation compared to those in the soma Hu et al., 2009b) . In general, neuronal excitability is critically ''tuned'' by the interaction of resting potential with both activation and inactivation of sodium channels: a more negative resting potential can reduce excitability by the increased distance to spike threshold but can also enhance excitability by removing resting inactivation of sodium channels and speeding recovery from inactivation, critical for allowing fast firing of multiple action potentials. Balancing these effects depends on the voltage dependence of the sodium channels relative to the resting potential. Thus, the more negative resting potential of the AIS may be important to enable optimal operation of the negative-shifted sodium channels in the AIS, preventing spontaneous firing but enabling rapid firing in response to incoming synaptic depolarization of the AIS.
Opposing Kv7 and Persistent Sodium Current at the AIS
The dominant voltage-activated conductances at subthreshold voltages in the proximal axon were steady-state sodium current and steady-state Kv7-mediated current. Previous work has suggested that AIS-localized Kv7 current can dampen excitability associated with persistent subthreshold sodium currents from Nav1.6 channels, present at high density in the AIS (Lorincz and Nusser, 2008; Hu et al., 2009b; Niday et al., 2017) . The dampening influence of subthreshold Kv7 current may be critical for preventing spontaneous firing of layer 5 pyramidal neurons, which are on the edge of hyperexcitability (Battefeld et al., 2014; Hamada and Kole, 2015) . Indeed, in a variety of situations, inhibition of Kv7 current leads to spontaneous firing of pyramidal neurons (Shah et al., 2008 (Shah et al., , 2011 Battefeld et al., 2014) .
Kv7 current and persistent sodium current can interact to produce subthreshold resonance in the theta frequency range (Hu et al., 2009a; Hö nigsperger et al., 2015; Vera et al., 2017) . This form of resonance can be seen in somatic recordings, but the strong expression of both Kv7 and persistent sodium current in the AIS suggests that the resonance may be strongest there. The resonance is strongly dependent on holding potential, suggesting that it may be controlled by somatodendritic HCN current via regulation of resting potential in the AIS.
Overall, our results add to previous experiments and modeling revealing the special properties of the proximal axon to control the excitability of pyramidal neurons (Kole and Stuart, 2012; Bender and Trussell, 2012; Hamada and Kole, 2015; Gulledge and Bravo, 2016) , showing how multiple voltage-dependent channels with distinct localizations combine with an inherent electronic asymmetry to control the membrane potential of the spike-initiating proximal axon separately from that of the soma. While our experimental results are confined to a particular cell type at a particular age (P14 to P18), immunocytochemistry shows that the expression and localization of the key voltagedependent channels regulating resting potential-high expression of Kv7 and Nav1.6 channels in the proximal axon and high expression of HCN in somatodendritic compartments-is shared by neocortical pyramidal neurons in general into full adulthood (Pan et al., 2006; Lö rincz et al., 2002; Lorincz and Nusser, 2008; Battefeld et al., 2014; Shah, 2014) , suggesting wider relevance of the interactions explored here.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: In the first set of experiments, we examined effects of XE-991 (Abcam, Cambridge, MA) and retigabine (Alomone, Jerusalem, Israel) on resting potential recorded in the soma or axon. In these initial experiments, we recorded the time course of membrane potential changes while washing the agent onto the slice (Figures 2A and 2B ). Reaching full effects of XE-991 required at least 30 min (Figure 2A ) and the effects were slowly reversible, so that only one experiment could be done in a slice. In doing the experiments, we realized that values of resting potential were very consistent from neuron to neuron, so that the effect of XE-991 or retigabine could be quantified more efficiently by making recordings from multiple cells in a slice before an application of drug and then from multiple different cells after the drug had reached full effect. Therefore, we switched to a protocol of quantifying effects of blockers by making such unpaired recordings, using a protocol in which resting potential was measured immediately after breakthrough in multiple cells in control conditions and then again in different cells after application of drug. This procedure was both simpler and likely more accurate, since the measurement of resting potential is made immediately after breakthrough (within 30 s), avoiding possible errors from slow drifts in membrane potential that can occur during long recordings. Figures 2C and 2D compare the results of effects of XE-991 and retigabine on resting potential (both somatic and axonal) quantified in the two ways, in the same set of slices, making multiple unpaired instantaneous recordings of resting potential before and then after a long application of XE-991 or retigabine, with the measurement during the application giving a single pair of points for the paired wash-on data in Figures 2B and 2C . The method using multiple unpaired instantaneous measurements ( Figure 2D ) gave very similar results as wash-on experiments ( Figure 2C ) for the effects of XE-991 and retigabine on both somatic and axonal resting potential and were much more straightforward and efficient. Therefore the method of making multiple unpaired measurements before and after application of drug was adopted for studying the effects of the other blockers.
In one set of experiments ( Figure 1B ), we made measurements of resting potential in the cell body and axon bleb of the same cell. The axon bleb corresponding to a cell body was identified by following the axon in the microscope image. After forming multi -gigaohm seals with electrodes on the soma and axon, the patch membranes were ruptured simultaneously by a pulse of mouth-applied suction. Current injections in each electrode verified that the axon bleb selected was indeed attached to the selected soma.
In experiments recording from detached axon blebs ( Figure 5D ), a sharp electrode was first inserted into the cortical slice at the border of layer 5 and layer 6. Then, the sharp electrode is moved along the border to disconnect neuronal processes including axons. Isolated bleb recording could then be made from blebs (attached to a segment of axon trunk) located at the white-matter side of the cut.
Experiments were performed at 35-36 C. Temperature was controlled by resistive heating elements and a feedback-controlled temperature controller (TC-344B, Warner Instruments, Hamden, CT).
Voltage clamp experiments and channel inhibitors
Voltage clamp experiments to define steady-state Kv7 current, persistent sodium current, and T-type calcium current used slow (20 mV/s) ramps from À95 to +5 mV. Voltage-clamp experiments to define steady-state HCN current used ramps from À105 to À55 mV (20 mV/s), delivered after a 2 s holding period at À105 mV to activate HCN channels. We isolated the Kv7 potassium current by subtracting the whole current before and after bath application of 10-20 mM XE-991 (Abcam), sodium current by subtraction using 1 mM tetrodotoxin (TTX, Abcam), T-type calcium current by subtraction using 2 mM TTA-A2 (Alomone), and HCN current by subtraction using 100 mM ZD-7288 (Tocris). 10 mM retigabine (Alomone) was applied to enhance Kv7 potassium current. In experiments comparing local application of ZD-7288 to the soma versus bath application to the entire cell, we used 1 mM ZD-7288 in the puffer pipette to ensure that the lesser effect of somatic application was not due to failure to saturate block of somatic HCN channels.
Model construction
The computational model was implemented using NEURON 7. The model of layer 5 pyramidal neuron structure included the apical dendrite, soma, the hillock, the AIS, and the unmyelinated and myelinated main axon. The geometry and parameters of the model were guided by previous detailed data-based compartmental models of layer 5 pyramidal neurons (Battefeld et al., 2014; Hamada and Kole, 2015; Hamada et al., 2016) . The apical dendrite was 200 mm in length, with diameter tapering uniformly from 4.5 mm to 1 mm at the first 40 mm away from the soma, and then tapering uniformly from 1 mm to 0.2 mm in the section from 40 mm to 200 mm away from soma. The soma was modeled by a pyramidal shape with rounded corners (20 mm long from tip to base and 15 mm wide at the base), which connected to an axon hillock (10 mm long, tapering uniformly from 3.6 mm to 1.7 mm) followed by an AIS (60 mm long, tapering from 1.7 to 1.02 mm), which connected to an unmyelinated axon (400 mm long, diameter 1.02 mm), and then a myelinated axon 1300 mm in length, composed of internodes (100 mm long, diameter 1.02 mm) and nodes (1 mm long, diameter 0.77 mm). We compared the predictions of neurons with an intact axon to models more precisely mimicking the experimental situation, with axons terminating in blebs ( Figure 8D ). To mimic axon bleb recording, the modeled unmyelinated axon terminated in a spherical axon bleb with a 3 mm diameter.
Membrane capacitance was 1 mF cm-2 and axoplasmic resistivity was 90 U cm, uniform throughout the cell. Myelination was simulated by reducing Cm to 0.02 mF cm-2. To mimic the influence of various conductances on resting potential, ion channels were inserted into the membrane of the various compartments with steady-state voltage dependence and densities chosen so that the model matched experimental observations of both resting potential and input resistance measured in the different regions. Leak potassium channels with a reversal potential of À105 mV were present in all compartments (8.27 pS mm-2 in the dendrite, soma, and hilllock, 2.20 pS mm-2 in the AIS, 0.70 pS mm-2 in the unmyelinated axon and node, and 0.014 pS mm-2 in the internode). A non-selective leak conductance reversing at 0 mV was also present in all compartments (1.60 pS mm-2 in the dendrite, soma, and hilllock, 0.43 pS mm-2 in the AIS, 0.14 pS mm-2 in the unmyelinated axon and node, and 0.0027 pS mm-2 in the internode. Kv7 potassium channels reversing at À105 mV were at highest density in the distal AIS (500 pS mm-2) and lower in the unmyelinated axon (25 pS mm-2). T-type calcium channels (reversal potential +123 mV) were present in the dendrite, soma, axon hillock (4.2 pS mm-2) and AIS (0.5 pS mm-2). HCN channels (reversal potential of À30 mV) were present only in the dendrite, soma, and hillock (6 pS mm-2). A persistent sodium conductance with more depolarized activation curve (corresponding to Nav1.2 channels) was present at low density in the dendrite, soma, and hillock (0.3 pS mm-2), higher density in the proximal AIS (1.75 pS mm-2, first 30 mm from soma) and medium density in the distal AIS (0.875 pS mm-2, 30-60 mm away from soma). A persistent sodium conductance with more hyperpolarized activation curve (corresponding to Nav1.6 channels) was present at medium density in the proximal AIS (0.875 pS mm-2), high density in the distal AIS and node (1.75 pS mm-2) and medium density in the unmyelinated axon segment (0.875 pS mm-2). Conductances of the bleb membrane were identical to those of the unmyelinated axon to which it was attached.
In addition to predictions of location-dependent resting membrane potential, the model tested the response to current injections (1 pA) into the soma or axon bleb, to mimic the experiments measuring input resistance and asymmetric transmission between the soma and the axon.
Simulations were run with 25 or 100 ms time steps. The temperature of simulation was 37 C.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean ± standard error of the mean (SEM) along with the number (n) of cells used for each measurement. Statistical tests were performed using two-tailed Student's t test using Excel (Microsoft, Redmond, WA) based on an assumption of normality of sample population distributions. Exact p values are reported in the text. A difference of p < 0.05 was considered significant. To be consistent, the collected results in Figure 6 were calculated only from recordings done in an identical manner of measuring resting potential immediately after breakthrough in the various conditions, i.e., omitting measurements of resting potential made during wash-on of the solutions (although including these had virtually no influence on mean values or statistics other than increasing the numbers).
